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ABSTRACT: The great interest in the photochemical reduction from CO2 to fuels and
chemicals has focused attention on Cu because of its unique ability to catalyze formation
of carbon-containing fuels and chemicals. A particular goal is to learn how to modify the
Cu catalysts to enhance the production selectivity while reducing the energy
requirements (overpotential). To enable such developments, we report here the f ree-
energy reaction barriers and mechanistic pathways on the Cu(100) surface, which produces
only CH4 (not C2H4 or CH3OH) in acid (pH 0). We predict a threshold potential for
CH4 formation of −0.52 V, which compares well to experiments at low pH, −0.45 to
−0.50 V. These quantum molecular dynamics simulations included ∼5 layers of explicit
water at the water/electrode interface using enhanced sampling methodology to obtain
the free energies. We ﬁnd that that chemisorbed hydroxyl-methylene (CH−OH) is the
key intermediate determining the selectivity for methane over methanol.
Electrochemically reducing CO2 to fuels and organicfeedstocks could provide a means for converting this
greenhouse gas to valuable products.1−6 Ever since Hori made
his landmark discovery in 1985,7 Cu metal remains the only
metal catalyst able to convert CO2 to hydrocarbons; however,
the eﬃciency of this CO2 reduction reaction (CO2RR) is far
too low to be commercially useful. Although the thermody-
namic potential to produce CH4 is +0.17 V vs standard
hydrogen electrode (SHE), Cu requires a potential of about
−0.8 V vs reversible hydrogen electrode (RHE) at pH ≈ 7 for
the onset of CH4 production from CO2 (the overpotential is
−0.45 to −0.50 V at pH 1.0).8 Moreover, overpotential of −1.0
V (RHE) is required for a reasonable current of 2 mA/cm−2 at
pH ≈ 7, which is attributed to sluggish kinetics of CO2
reduction reactions and competition with hydrogen evolution
reactions (HERs).9−12 In addition, Cu leads to poor selectivity
toward valuable products,13 although the enhanced selectivity
for nanoscale Cu catalysts suggests that these properties of Cu
might be improved.14−16
To provide a basis for rational design of catalysts to achieve
more eﬃcient CO2RR,17,18 we focus here on obtaining a full
understanding of the reaction mechanisms responsible for
CO2RR on Cu. Experiments have shown that the CO
reduction reaction (CORR) leads to products and over-
potential similar to those of CO2RR, indicating that the
potential determining step (PDS) is due to CORR.8 Several
reaction mechanisms for CORR have been hypothesized based
on experimental observations.19−22 However, it has not yet
been possible to observe the reaction intermediates exper-
imentally so that the steps determining the selectivity and rates
of methane (CH4) over methanol (CH3OH) are not known.
Instead we will use quantum mechanics (QM) to determine the
free-energy barriers for each possible reaction step while
including explicit solvent at pH 0.
The ﬁrst full investigation of C1 productions (CH4 and
CH3OH) on Cu was reported by Peterson et al.,
23,24 who
proposed the reaction mechanism in eq 1 for CH4 formation on
the Cu(211) surface:
* ⎯→⎯ * ⎯→⎯ * ⎯→⎯ * ⎯→⎯ + ** * * *CO CHO CH O CH O CH OH H 2
H
3
H
4
(1)
In this pathway, CHO formation is PDS controlling the
overall overpotential. They explained the observed selectivity of
CH4 over CH3OH as occurring in the ﬁnal step
(CH3O*⎯→⎯
*H
CH3OH(aq) vs CH3O*⎯→⎯
*H
CH4 + O*). They
argued that CH4 is formed instead of CH3OH because CH4
+ O* has a free energy lower than that of CH3OH. In these
calculations the energies (or free energies after correcting for
entropy and solvation) were the only criteria, with no
calculation of reaction barriers and only a crude estimate of
solvation. The assumption was that reaction energy barriers
would follow linear free-energy relationships.
The ﬁrst QM calculations that considered reaction barriers
(with one to two explicit water molecules) were reported by
Nie et al., who considered CO2RR on the Cu(111) surface.25
In contrast to Peterson et al, they found that the ﬁrst step of
CO reduction is to form COH instead of formyl (CHO),
because on the Cu(111) surface the energy barrier for forming
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COH (0.21 eV) is much smaller than for CHO (0.39 eV),
although the chemisorbed species diﬀer only by an energy of
0.12 eV. Thus, Nie proposed the following reduction
mechanism:
* ⎯→⎯ * ⎯→⎯ ⎯→⎯ ⎯→⎯ * ⎯→⎯ * ⎯→⎯* * * * * *CO COH C CH CH CH CHH H H H 2
H
3
H
4
(2)
Nie also calculated the pathway for CH4 formation proposed
by Peterson et al. for Cu(211) but concluded that this pathway
produces CH3OH instead of CH4 on Cu(111), consistent with
gas-phase experiments.26
Based on these postulated reaction mechanisms, computa-
tional screening was used to propose new alloy or nano-
structured catalysts.27−30
Recent experiments showed that under standard electro-
chemical conditions polycrystalline Cu transforms in 30 min to
Cu(111) followed by transforming to Cu(100) after 60 min,
remaining as Cu(100) for the duration.31 This is consistent
with experiments showing that polycrystalline Cu leads to
products similar to Cu(100). Consequently, we focus here on
the Cu(100) surface.
Moreover, Cu(100) is a more active surface than Cu(111),
leading to lower onset overpotentials for both CH4 formation
and C2H4 formation.
8 The relative selectivity toward C2H4 over
CH4 is unclear. Earlier work by Hori and co-workers showed a
strong structural dependence: CH4 is preferentially formed on
Cu(111), while C2H4 is the main product on Cu(100).
32 In
addition, recent research found a strong pH dependence of the
product selectivity; thus, at pH 1 (acidic), CH4 is observed
8 but
not C2H4 or other C2 products both on Cu(100) and Cu(111).
In contrast, C2H4 production is comparable with CH4
production for neutral and basic solutions.8 A pH-dependent
mechanism for CH4 formation was hypothesized on the basis of
these experimental data but never validated experimentally or
theoretically.8
In this paper we focus on acid conditions (pH 0) to
determine the reaction mechanisms and barriers using quantum
molecular dynamics (QMD) with 3 layers of 4 × 4 periodic cell
of Cu(100) (48 Cu atoms with the bottom two layers ﬁxed), 49
H2O molecules, one of which is protonated, with two CO
molecules and one H atom bound to the surface. This leads to
∼6 layers of explicit water at pH 0 to describe the CO
reduction at the water/Cu(100) interface.
We applied enhanced sampling methodology [QM-based
constrained molecular dynamics (CMD) and meta-dynam-
ics]33−37 to drive the chemical reactions to sample the reaction
barrier conﬁgurations not normally sampled in brute force MD
simulations. The predicted free-energy diﬀerences and free-
energy barriers explicitly include solvent and entropy eﬀects.
The QM is at the PBE level of density functional theory with
D3 vdW correction; other simulation details are in the
Supporting Information.
Allowing the low-frequency movements involved in relaxing
the hydrogen bond (HB) network for the solvent in contact
with the metal interface requires 100−200 ps, which is too long
for practical QMD. Thus, we ﬁrst used the reactive force ﬁeld
molecular dynamics simulation (RMD) of the full water/
Cu(100) system for 500 ps to equilibrate the system at 298
K.38,39 Starting with this equilibrated conﬁguration from RMD,
we selected ∼5 layers of solvent, minimized the structure using
QM, and then heated it using QMD from 50 to 298 K over 2 ps
(125 K/ps).Then we equilibrated the system using QMD in the
NVT ensemble at 298 K to form the initial state for free-energy
calculations, which takes ∼5 ps. The convergence behaviors for
these calculations are shown in the Supporting Information
(Figure S1).
Figure 1 shows the structure of water at the Cu(100)
interface obtained from QMD simulations. This structure is
quite diﬀerent from the bulk, being much less ordered than that
observed for (111) and (110)40−45 metal surfaces, but there are
few studies on (100) surfaces.46 The ﬁrst contact layer of water
consists of a loosely packed HB network with many dangling
OH, as shown in Figure 1B, a snapshot of the water in the ﬁrst
contact layer after equilibration. About 12 water molecules
belong to the ﬁrst layer, leading to a surface concentration of 3/
Figure 1. Water/Cu(100) interface from side view (A) and ﬁrst layer water on Cu(100) from top view (B). About ﬁve layers of water can be
distinguished based on the density proﬁle shown on the left of panel A. (The unit of density proﬁle is kilograms per cubic meter for Cu (orange) and
water (blue), with Cu scaled down by 10 times; the red slashed line shows the density of bulk water (1.0 kg/m3) at room temperature.) Panel B
shows the water molecules belonging to the ﬁrst layer. There are 12 water molecules on this 4 × 4 surface, corresponding to coverage of 3/4 ML.
The atom colors are Cu in orange, O in red, and H in white. HBs are indicated with blue dashed lines based on cut-oﬀs of 3.5 Å for distance and 35°
for angle (OH bond away from the O−O line). Black slashed lines show the boundary of the simulation cell.
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4 ML, which is larger than the nominal concentration for water
on a close-packed ﬂat metal surface (2/3 ML).42 This is
because the (100) surface has an area per surface atom 15%
larger than that of the (111) surface. The density proﬁle in
Figure 1 shows ﬁve layers of water with a thickness of about 1.5
nm. The ﬁrst two density peaks result from the OH-up, OH-
down, and OH parallel conﬁgurations in the ﬁrst contact layer.
These two peaks together with the third peak describe the
double-layer region on the surface, which extends to about 0.7
nm from the Cu surface. Beyond the double layer to ∼1.2 nm,
the density ﬂuctuates about the bulk value. Finally, the gas−
liquid interface is ∼1.4−1.5 nm from the surface. Because all
reactions take place in the ﬁrst two layers, we consider this to
be an adequate representation for the surface reactions.
To describe the reduction reactions, we included two CO
molecules on the Cu(100) surface (coverage of 1/8 ML). CO
adsorption prefers the top site on the Cu(100) surface (shown
in Figure 2) with a calculated binding energy of 1.24 eV at the
PBE level using the D3 vdW correction.47 We also included one
H on the surface (1/16 ML), which prefers the 4-fold hollow
site, very close to the surface. We added one H to one of the 49
H2O molecules, leading eﬀectively to H3O
+ because the
electron goes to the metal, leading to 1.2 M or pH ≈ 0.
Simulations using only neutral H2O solvent lead to an electron
chemical potential of −4.07 eV, while changing one H3O+
increases the electron chemical potential to −3.57 eV. An
additional hydrogen atom was added to the simulation system
after each reduction reaction. The 500 ps of ReaxFF RMD led
to the H3O in the third layer, where it stayed during the QM
RMD. Because the total number of electrons in our QMD
simulations is constant, the work function on the Cu slab
changes as the H+ of this H3O
+ is involved in reactions. To
compare with the constant potential of experiments, we used
the procedure proposed by Chan and Nørskov48 to remove any
artifacts involving work function changes during the chemical
reactions, as explained in the Supporting Information.
We used enhanced sampling methods, constrained molecular
dynamics,33,34,37 and meta-dynamics35,36 to drive the chemical
reactions to obtain the free-energy proﬁle along reaction
paths deﬁned by collective variables (CV). The theoretical
background for these methods has been published.35,37 In
proton-transfer reactions, the reaction pathways may involve
multidimensions, which can become computationally imprac-
tical for CMD. Instead we deﬁne an appropriate CV utilizing
the HB network to connect the proton to the reactant so that
CMD one-dimensional samplings can be described using one
CV reaction. The CV for reaction R2a is shown in Figure 2.
Figure 2. HB network connecting H3O
+ and CHO* for reaction R2a. Such collective modes are typically observed for protonation reactions in
solvents.49 The collective variable deﬁned here is the HB network: ξ = (∑i = 15 rOi+1−Hi
2)1/2. This HB network was used as the collective variable to
describe the reaction from H3O
+ + e− + CHO* (A) to CHOH* (C). The transition state is shown in panel B. The colors of atoms are Cu in orange,
O in red, H in white, and C in cyan.
Figure 3. Lowest-energy pathways for the electro-reduction of CO to methane on Cu(100) at pH 0 (CH4, in black) and methanol (CH3OH, in red).
The free-energy reaction barriers (ΔG‡) are provided. This shows that only CH4 will be produced under these conditions, as observed
experimentally.
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The details on the simulation parameters and the CVs for free-
energy calculations are in the Supporting Information.
Figure 3 shows the lowest-energy reaction pathways for
formation of both CH4 and CH3OH on Cu(100). The values of
the free-energy diﬀerences (ΔG) and free-energy barriers
(ΔG‡) are collected in Table 1, which also lists ΔG and ΔG‡
values for other possible side reactions.
The ﬁrst reduction step is adding one H to the carbon of
CO, forming chemisorbed formyl (CHO), where * indicates
surface sites:
* + * → *CO H CHO (R1a)
leading to ΔG‡ = 0.55 eV and ΔG = 0.52 eV.
The alternative reaction is to form COH*. Here we
examined three diﬀerent mechanisms
* + * → *CO H COH (R1b)
* + + → * ++ −CO (H O) e COH H O3 2 (R1c)
* + * → * + *CO H O COH OH2 (R1d)
leading to ΔG‡ = 1.45, 0.70, and 0.74 eV, respectively. We ﬁnd
that the CV involves a total of 5 waters for reaction R1c and 3
waters for reaction R1d. Note that in the favored process, step
R1d, it is the H2O on the surface that transfers the proton, not
the protonated H2O.
Protonation of CHO* is easy because of the anionic
character of CHO*. This leads to the second reduction step
of adding H to the oxygen of CHO* to form CH−OH* as in
reaction R2a
* + + → * ++ −CHO (H O) e CHOH H O3 2 (R2a)
The reaction energy barrier of 0.13 eV is consistent with
previous theoretical calculations showing that free-energy
barriers of proton-transfer reactions are usually between 0.15
to 0.25 eV.50,51
We ﬁnd that surface water can also supply the H atom to
form CHOH*.
* + * → * + *CHO H O CHOH OH2 (R2b)
This is favorable because after transferring the H atom, the
OH product binds to Cu surface much more strongly than the
reactant H2O. This is a general phenomenon, also found in
reaction R1d. The reaction barrier for reaction R2b is slightly
higher, 0.24 eV. Thus, at pH 0, H3O
+ is a better proton source
than H2O; however, in neutral and basic conditions, H2O may
provide an alternate proton source.
In addition, a competing reaction can form chemisorbed
formaldehyde (CH2O)*.
* + * → *CHO H CH O2 (R2c)
Here the energy barrier of CH2O formation is ΔG*(R2c) =
0.59 eV, which is 0.47 eV higher than for CHOH* formation.
Thus, formation of CH2O* is kinetically unfavorable.
Adding the third H to the oxygen of CH−OH* leads to
formation of the CH--H2O* complex
* + + → *‐‐ ++ −CHOH (H O) e CH (OH ) H O3 2 2
(R3b)
which has a strong donor−acceptor bond from H2O to the
CH*. This has ΔG‡R3b = 0.32 eV. However, dehydrating this
complex to form CH* + H2O has a barrier of 0.21 eV, leading
to a net barrier of 0.53 eV (0.32 + 0.21) to form CH*.
Table 1. Free-Energy Diﬀerences (ΔG) and Free-Energy Barriers (ΔG‡) for Various Reduction Steps of CORR on Cu(100)a
aThe most favorable reaction in each reduction stage is shown in bold red. The standard deviations derived from independent simulations are in
parentheses.
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Instead of this two-step process, we found a concerted
pathway (Figure 4) that allows the dehydration to occur
simultaneously as the H approaches the oxygen:
* + + − → * ++CHOH (H O) e CH H O3 2 (R3a)
Leading to a reaction barrier of 0.30 eV.
Alternatively, the third hydrogen can attack the carbon of
CH−OH
* + * → *CHOH H CH OH2 (R3c)
with ΔG‡R3c = 0.45 eV. At 298 K, this reaction would be about
300 times slower than R3a.
The most plausible way to form CH3OH from CO on
Cu(100) is to add H* to CH2−OH
* + * →CH OH H CH OH(aq)2 3 (R4b)
However, this leads to ΔG‡(R4b) = 1.00 eV. Thus, both
reactions R3c and R4b make CH3OH production quite
unfavorable under these conditions.
After formation of CH*, the reactions to form CH4 are
straightforward, with H adding to carbon sequentially to form
CH2*, CH3*, and ﬁnally CH4. All three steps are exothermic
with ΔG = −0.14, −0.35, and −0.96, respectively. The energy
barriers of these reactions are 0.58, 0.64, and 0.48 eV,
respectively.
* + * → * + * → * + * →CH H CH H CH H CH2 3 4
(R4a, R5, R6)
Because CH* is eventually reduced to CH4, CH−OH* is the
common intermediate at which the production of CH4 and
CH3OH branch. However, under the current conditions, CH4
formation is far more favorable than CH3OH formation by a
factor of 300. This is consistent with experiment: CH4 is the
only major product under acid conditions, with at most trace
amounts of CH3OH produced.
8
The hydrogen evolution reaction is a competing reaction
consuming the hydrogen required for CORR. We calculate
ΔG‡ = 0.44 eV and ΔG = 0.21 eV for the Volmer reaction
(H3O
+ + e− → H* + H2O), which are and consistent with
experiments showing that the onset overpotential for HER is
between −0.10 and −0.45 V on Cu(100).8,52 Because ΔG‡ and
ΔG of the HER are lower than those of CH4 formation, H2 will
evolve at a lower potential than CH4. To suppress HER, one
might change the morphology or alloying of the catalyst or
introduce an adsorbate to compete with H adsorption, which
are believed to be useful methods.10,53
Solvation eﬀects play a major role in determining rates and
selectivity. Indeed, methanol is the major product in gas-phase
synthesis,54 whereas methane is dominant for aqueous
electrochemical reduction. Here the eﬀects of solvent arise
both from direct solvation (which can be included in implicit
solvation models) and from formation of HBs between the
surface species and the solvent molecules, which are likely not
included in the solvation models. Moreover the process of
providing the proton from solvent H3O
+ or form surface H2O
involves several intermediate H2O molecules in the H-transfer
chain, which would be missing in implicit solvation models.
The solvent can also change the conﬁguration of adsorbates
on the surface. For example, the HB network generally favors
orienting the C−O bond of reaction intermediates away from
the surface during the whole process of CORR. Turning the
C−O upside down to put the O at the surface would involve
large energy barriers to break this HB network, making
formation of intermediates with oxygen attached to the surface
kinetically diﬃcult. For example, our simulations indicate a
small rate to form CH3O*, even though it is energetically
favorable by about 0.5 eV. This suggests that to produce
methanol we should use a solvent that does not make strong
HBs or we should change the catalyst to create a locally
hydrophobic environment.
In summary, using QM with multiple layers of explicit
solvent, we predict a new reaction mechanism for methane
formation on Cu(100). Here there are three eﬀects, pure
solvation, speciﬁc HBs to surface OH groups, and water
networks for cooperatively transferring the proton. The ﬁnal
mechanism for methane formation is
Figure 4. Two-dimensional free-energy plot for reaction R3a in Table S1 [CHOH* + (H3O)
+ + e− → CH* + H2O(aq)]. Here CV1 is the HB
network connecting H3O
+ and CHOH with CV1 = 3.22 corresponding to (H3O)
+ + CHOH and CV1 = 2.38 corresponding to H2O + CH−H2O.
CV2 is the distance between C and H. The reactants (CHOH + H3O
+), products (CH* + H2O), and intermediates (CH---H2O and CH---OH---H)
are shown for viewing convenience. This concerted pathway leads to a ΔG‡R3b = 0.30 eV [0.22 eV + 0.08 eV (constant potential correction in Table
S2)].
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4
where CHOH* is the common intermediate determining the
selectivity of methane over methanol at low pH. The
overpotential of CH4 formation is predicted to be 0.52 V
based on the free energy of CHO formation as the potential
determining step, which can be compared to the experimental
values of 0.45−0.50 V at low pH.8
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